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‘ The proton n.m.r. specirz of neierocyclic five-werbered rirg
1,2 1,3 - 4
dienes containing one oXygen ’ mitrozen saifur ?” or selenium’ atom
JES 2 O b )

have been reported. ‘e report here the analysis of the vinyl proton

spectrum of cyclopentadiene (I) which Xc
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1ating methylene sroup between tie 1- and L-position of the cis-diene.

&

The aralysis wa. cccomplished using dour_: and triple irradiation techniques.
To our knowledge there Is no HrutlLous report ol Tl l.l.r.
pazraneters for a six-membered ring cos--,>-Glene. Using prouoo-troton

decoupling we were able to simplily the vimg
(1)

dien%ﬂto an anaiyzable A282 specirum.  Thc molecule IT may epproximate

-y

& model for eis-1,3-butadiene and as such its n.m.r. coupling constant

couvld indicate something about the electronic structure of cis-dlenes.
The n.m.r. parameters for I and II are discussed in terms of T.s

mechanisms of long-range protcn-proton couplings, effects ol ing size, and

RS-

the relative signs of the verious spin-spin couplings.
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Spectra were obtained with e Varian FR-60 spectrometer modified
with a nuclear magnetic resonznce field-fregquency stabilizer similar to
that described by Freeman and irderson’. This particular system incorpor-

. A X 6
ated two phase detectors of the same desizn as described by us previously .
When performing multiple rescnance experiments it was found desirable to
use a General Radio narrow band sound analyzer, GR 15544, at the 1CCO cps

locking frequency. A more deteile the complete system 1s
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given elsewhere7. Spectra were recorded by frecuency sweep in most uses.
Cyclopentadiene (I) was cbizined by cracking the dimer. Cyclo-
hexadiene (II) was a commercial szmple and contained an impurity of cyclo-
hexene., About 7-107 tetramethylsilane was added to each sarple in Varian
thin-walled 5 rm sample tubes. Cxygen was removed by bubbling nitrogen

through the samples for about three minutes.

The complete analyses of the proion n.m.r. spectrz of - and

t
i

present raziher formidable tasks as 1s evident from observation cf the
complexities of the vinyl proton regions for these molecules (see fig. la
and fig. 3a, respectively). In the case of I the great multipliciiy of
lines and the fact thet ring obscures the true positions of nesarly all cf

-

the vinyl resonance lines make a straight forward iterative zrproach tc

the analysis of this spectrum rather unaliractive.

By placing a large-field modulation at the methylene proton
frequency in a frequency-sweep experiment /e were able to bring about a
rather gratifying simplification of the vinyl proton regicn <I I to an A2B2

system as shown in fig. 1b, Figz. lc shows similar though less pleasing

results obtained in a field-sweep experiment. From several spectra of the



quality of fig, 1b it was possible to obtain line position measurements
accurate to * 0.01 cps.

To the decoupled spectrum of I it was possible to introduce a
second perturbing field-modulation at various lines of the A232 system.
Two examples of these triple irradiation experiments are shown in figs.
2b and 2c¢. These triple irradiation experiments demonstrated that lines
L, 7, 14 and 17 (as labeled in fig. 2a) were related to each other. These
transitions are the antisyrmetricel ones and each is doubly degenerate.

The identity of symmetric transitions follows immediately. From consideration
of the nurber of other lines split when cach line was irradiated the speci-
s s . - ot - . 1 ;
fic assigrment based orn the usual notetion for the A2B2 spin system” could

be made and is sumerized below:

Line Assignmentl
1 5

2 1

3 2

4 9,10
5 6

"

6 7

7 11,12
8 3

9 4

10 8

A final set of parameters was obtained using the Swalen and Reiley NMRIT

progranB:

Por
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éAB 8.079 * 0.004 cps H H

Iy, *1.9M4 % 0.007

Jr,g  +1.09C £ 0.006 A3 Hg
Jpg  +5.064 * 0.006

Jgg  *1.944 * 0.006 P ) Fa

The average deviation between cbserved and calculated line positions was
0.008 cps.

4As shown in fig. 3b we were able to simplify the vinyl proton
spectrum of II to an A2B2 system but the results were noct nearly as good

as those obtained for I. Because the methylene proton fregquency was close

*

to 120 cps from the tetramethylsilene frequency enough moduiation was
present close to this latter freguency when a large modulation was placed
at the former frecuency to cause saturation of the locking sigral and
serious beats in the locking lcop. th ol these factors, which we could
not remove, tended to unlogk the spectrometer while the spectrum of IT was
being swept with a modulation level at the methylene proton frecuency
sufficient to achieve the desired amount of decoupling. 3Despite these
difficulties it was possible to obtain rather satisfactory spectra cf one
side of the A282 spectrun of II ard in several cases complete spectra were
swept through without the spectrometer unliocking., Data from these spectra
gave a set of line position measurements accurate to ¥ 0.05 cps.

A

We were rniot at all able toc introduce a second large perturtir

!J-

0q

field into the decoupled spectrum of II to trace ocut the energy of tre A282
system without immediately unliocking the spectrometer. An assigrment of

the A2B2 spectrum of II was started by recognizing a certain similarity

between the specirum of II and certain AQB2 spectra of o-disubstituted

1l

benzene recently discussed by Grant et al.” As discussed by the latter



authors values of N and L and thus the chemical shift were obtained frem
certain repetitive spacing in the spectrum of the A2B2 systen of II. Trial
assignments for the various relative sign assignments between the long-
range H-C=C-C=C-H and E-C=C-C-H couplings were considered. The only assign-
ment which gave a satisfactory convergence for NMRIT and which gave agreement
with eiperimental intensities and satisfactory agreemént with line positions

was that given below:

e

I 6.394 = 0.013
Ipn +5,142 + 0.028
Jtyg  *1.064 % 0.027
JAB +9.417 £ 0.033
Jop +1.94) * 0.028

The average deviation between observed and calculated line positions was
0.089. The much larger errors in the analysis of the A282 spectrum of II
we attribute to incorplete decourling which resulted in certalin of the

A 3. lines being shifted from their true vosition. The difference between
~

2
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one pair of observed and calculated lines was 0.24 cps (lines 7 and 7
Aralyses of the A282 spectra for the vinyl protons of I and ==

does not determine whether the A or B protons are upfield in these molecules

and in fact the assignment of some of the coupling constants is based on

analogy to other moleculesl.- However, & determination of which sel of

vinyl protons in I and IT are adjacent to methylene groups can be rmade.

An assignment of the upfield vinyl protons as those adjacent to
the methylene group for II was based on the fact that this group of vinyl
protons is more strongly coupled ‘o the methylene protons as evidenced from
the undecoupled spectrum (see fig. 3a). In the case of the lgtter protons

we expect a positive coupling of about 3-4 cps and in the case of the down-




field vinyl protons a negative coupling of about 1-2 cps as estimated from

9

data for the cycloolefins’.
In our previous reported analysis of the spectrum of indeneé,
which contains a methylene group adjacent to two double bonds and part of
a five-membered ring and which should be closely analogous to I, we found
that in the five-membered ring the H-C-C=C-H coupling was & different sign

than the H-C=C-E and H-C-C-E couplings, which are both presumed to be posi-

. . . 10,11 oo .
tive in sign™ ?"". The complete proton spectrum of I is a A232£2 spectrum

and JAX and JBX are only slightly different. In the undecoupled spectrumn

-

of the vinyl procton each line of the cdecocupled A2B2

split into 1:2:1 triplets. The methylene protons of I give a cuintet to

spectrum should be

Tirst order. On selective irradiation of the low-field member of the
methylene quintet we should be irradiating transitions having one set of
the vinyl protons in spin state «x and the other set in spin state B3
reasoning from the results for indeneé.

From detailed consideration of the spin states of the various
lines of the A232 decoupled specirum we would expect in the experiment
described above to see perturbation in the downfield portion of the ralfl of
the vinyl proton spectrum assignable to the protons with the negative long-
range H-C-C=C-H coupling and some perturbation in the upfield portion of
the half of the vinyl proton spectrum assignable to the vinyl protons
adjacent to the methylene group. Reasoning in this manner the results
from the experiment indicated that the upfield Yinyl protons were those
adjacent to the methylene group. An additicnal experiment wheres the

upfield member of the methylene quintet was irradiated confirmed this

result. These results will be described in more detail elsewhere.




Discussion

Recently there has been considerable interest in the nature of
long-range proton-proton spin-spin couplings. We define "long-range"

couplings as those existing between protons more than three bonds apart

4 5

(i.e. J's and “J's, where the superscript denotes the number of chermical

bonds separating coupled nuclei). At present several possible mechanisms

4

have been postuwlated for these couplings. In saturated molecules ~J

coupling is thought to be transmitted through the o-bond framework just

. s .12 s . . s
as the vicinal 33 coupling™ . In addition there is some evidence that

4 5

J and “J coupling can be transmitted through space if the intra-proton

13

distances are small enough™™. In unsaturated molecules both of these

mechanisms could be important in addition to a contribution transmitted

14

through the m—-electron system™ . This m-electron mechanism involving
o-m configuration interaction is usually the largest contribution to

long-range couplings in conjugated molecules. The results for I and II

15,

revorted here combined with some other recent results on trarns-i,3-dienes

16,1 . A . L. . o e :
©,17 provide some information cn the relative importances of trese mechanisms.

In Teble I are given data for several open chain trans-dienes.

L 5

In these molecules there are several “J!'s and “J's, The theory of the
propagation of spin-spin coupling through a w-electron system;h predicis
that the coupling will be positive when a pair of protons are separated by
an odd number of bonds and negative when they are separated by an even

L

number of bonds. The sign results for the "J's and 5J's for the trans-1,3-~
butadienes are in agreement with the theory. In the case of I and IT both
these types of long-range couplings are found to be positive.

If the values for the hJ's of 1,3-butadiene of about -0.8 cps

-

are taken to be characteristic of this m—contribution in dienes then in

and II the measured hJ's (not considering JBB in I for the moment) must




be the sum of a -0.8 cps m-contribution and a +1.9 cps contribution from

4

other mechanisms. The usual o-contribution to "J's appears to be about

0.1 to 0.3 cps13 or considerably less in magnitude than this 1.9 cps
contribution. The protons invelved in I and II are rather distant from
-each other when compared with other molecules in which a through-space

L

contribution to “J is believed to exist because of closely disposed

13

protons . lLong-range couplings in the range of a positive 1-2 cps have
have been observed in saturated molecules wher the angular disposition
between the two C-H bonds in a H-C-C-C-H fragment is similar to that found
in I and II:\'3 ever: though the intra-proton distance is relatively great
i.e. greater than about 3 ﬁ. We ascribe the magnitudes of the AJ's

(excluding J., in I) in I and II as arising from a +1.9 cps contribution

BB
from a coupling mechanism which is significant when the angular disposition
of the C-E bonds is such that lines through these bonds will nearly cross
somewhere behind the carbon atoms to give an angle in the range of 90-180°.
This kind of coupling mechanism is probably the same one responsible for the
very large (3-14 cps) AJ’S observed in scme bridged ring systemslB; if this
is the case then it is likely that these large couplings are also positive.

A

The JBB in I, which is a
5

would involve °J, and the

J, although coupling via the m-electron

J in II are about 1 cps different from each other
and both positive. It h:. been estimated that the 5J m-coupling will be
about +0.7 cpslh. Although it would be expected that this m-coupling

should be indepeﬁdent of orientation for a butadiene and depend cn the

m—bond order between the coupled protons, experimental evidence shows that

SJtt the 5J between 1,L-protons each trans to the formal single bond of a

trans-1,3-diene) is about twice as large as the other S31s (i.e. %5 and

cC
16,17 5 5
Jtc) >*'. The “J_, and “J..

+0.5 to +0.8 cps which is in rather close agreement with the theory. If

for trans-1l,3-dienes are in the range of
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5

we assume that effects present in the “J

tt

absent in the case of I and II then the observed magnitudes of JBB in I

couplings in trans-—dienes are

and the 5J in IT can be explained as arising from +0.7 cps m-contributions
and +1.2 cps and +0.2 cps contributions, respectively, from other mechanisms.

A AJ o-contribution to J_, of I through the methylene group should be small

BB
(i.e. 0.1-0.3 cps)lB. The angular disposition between the C-H bonds invol-
ving the B protons of I is similar to that for the protons involved in the

4

other "J's in this molecule, which were discussed above, except that the
intra—carbon distance is slightly larger here. If a similar cross-ring
through-space mechanism is again operative it is about +1.2 cps in magnitude,
possibly reflecting the slightly larger intra-carbon distance in this case.
Assuming that this same mechanisn is present in II, the much smaller contri-
bution of +0.2 cps to 5J again probably reflects mainly the significantly
greater intra-carbon distance. The magnitudes and signs of the AJ's and
5J's in II are very similar to those found in o-disubstituted tenzenes
which are rost certainly related to the similar geometry and sugzest that
similar coupling mechanisms are operative in both types of ring compcunds.
The cis-vinylic couplings in 1,3-butadiene is +10.17 cps and that
in IT is +9.42 cps which shows that the electronic structure in these two
types of double bonds is only slightly different. The much smaller value
of +5.06 cps in I apparently reflects the effect of ring contraction on
vicinal coupling as has been observed when going from a six~ to a five-
membered ringg. The values of JAA for I and II, +1.94 cps and +5.14 cps,

respectively, reflect this same effect. The ratio of the trans- to cis-

vinylic couplings in 1,3-butadiene is about 1.7 while the ratio of the trans-
coupling between protons on the formal single bond of butadiene to the

corresponding cis-coupling in II is 1.8. This result may indicate that




"10

there 1s a close electronic similarity in the structure of the two formal
single bonds in butadiene and IT and also in general the same terms
determine the coupling between vicinal protons separated by two §E2 carbon
atoms except for a scale factor which may be related to the m-bond order¥.
That such a relation exists may be indicated from the observation of the
parallelism between the sum of the two vicinal couplings in II which is
14.6 cps and in naphthalene which is 14.6 cps18 and the sums of the
corresponding m-bond order for the two adjacent bonds of 1.34 and 1.33,
respectively, as calculated by the molecular orbital methodlg. This compari-
son would not seem to support the recent contentions of Dewar and Schmeisingl
that appreciable conjugation does not exist in unsaturated systems such as
1,3-dienes.

The analyses of the complete spectra of I and II are in progress

and will be reported subsequently.

The couplings in IT will embody certain steric effects characteristic

of six-membered rings which allow more useful compariscn to couplings in
benzene derivatives. These steric effects probably account for the
slight difference of the cis-vinylic couplings between butadiene and II.
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Fig. 1. Spectrum of the vinyl protons of cyclopentadiene (I) at 60 Mc.
(a) Undecoupled and frequency swept. (b) Decoupled from
methylene protons and frequency swept. (c) Same as (b) except

field swept.






Fig. 2.

Spectrum of the vinyl protons of cyclopentadiene (I) at 60 Mc.
(a) Decoupled from methylene protons and frequency swept.
(b) Same as (a) in addition to irradiation of line 18. (c) Same

as (a) in addition to irradiation of line 17.
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Fig. 3. Spectrum of the vinyl protons of cyclohexadiene (II) at 60 Mc.
(a) Undecoupled and frequency swept. (b) Decoupled from
methylene protons and frequency swept. Transitions labeled
according to the usual convention for A2B2 spin systems; see
ref. 1.



ALIMNdNI
IN3IX3IHOTOAD ol G'W

L Ju

Q)

+I

(o)




